Restriction endonucleases such as EcoRI bind and cleave DNA with great specificity and represent a paradigm for protein-DNA interactions and molecular recognition. Using osmotic pressure to induce water release, we demonstrate the participation of bound waters in the sequence discrimination of substrate DNA by EcoRI. Changes in solvation can play a critical role in directing sequence-specific DNA binding by EcoRI and are also crucial in assisting site discrimination during catalysis. By measuring the volume change for complex formation, we show that at the cognate sequence (GAATTC) EcoRI binding releases about 70 fewer water molecules than binding at an alternate DNA sequence (TAATTC), which differs by a single base pair. EcoRI complexation with nonspecific DNA releases substantially less water than either of these specific complexes. In cognate substrates (GAATTC) k cat decreases as osmotic pressure is increased, indicating the binding of about 30 water molecules accompanies the cleavage reaction. For the alternate substrate (TAATTC), release of about 40 water molecules accompanies the reaction, indicated by a dramatic acceleration of the rate when osmotic pressure is raised. These large differences in solvation effects demonstrate that water molecules can be key players in the molecular recognition process during both association and catalytic phases of the EcoRI reaction, acting to change the specificity of the enzyme. For both the protein-DNA complex and the transition state, there may be substantial conformational differences between cognate and alternate sites, accompanied by significant alterations in hydration and solvent accessibility.
The EcoRI endonuclease cleaves double-stranded GAATTC sequences on both strands between G and A, at a rate at least 10 5 faster than the next best nucleic acid sequence as quantitated under standard conditions (1) . EcoRI utilizes two ␣-helices to contact this cognate recognition sequence DNA in the major groove via an intricate network of hydrogen bonding interactions, which is thought to give rise to its high specificity (2, 3) . The cleavage mechanism of this endonuclease is believed to involve activation of a water molecule by a basic group from the enzyme, followed by nucleophilic attack at the phosphodiester bond. The reaction is thought to involve only one step and is assisted by Mg 2ϩ as cofactor. The rate-limiting step may be release of doubly cleaved product, release of nicked product followed by rebinding and second strand cleavage, or conformational changes in the enzyme-substrate complex (4, 5) . Binding constants and catalytic rate constants have been established for all single base substitutions of the canonical sequence and are in good agreement with the structural model for recognition and specificity (1, 6) .
Under certain buffer conditions, EcoRI cleavage is enhanced at noncognate DNA sequences, which differ from GAATTC by a single base pair (7) (8) (9) . This change in EcoRI specificity has been termed EcoRI‫ء‬ (''star'') activity. Analogous effects have been observed in many other restriction enzyme systems and represent a challenge to our understanding of protein-DNA and enzyme-substrate recognition (10) . Furthermore, knowledge of the origin of this phenomenon is important for effective use of EcoRI and other restriction enzymes in research, diagnostic, and forensic applications.
Of particular interest is the influence of bound water on site-specific recognition and cleavage of DNA by EcoRI and other enzymes. The importance of interstitial water molecules in mediating specificity of protein-DNA interactions has been clearly demonstrated by structural studies of the binding of the trp repressor to its target operator sequence (11) (12) (13) . Additional examples of structural evidence for water-mediated contacts with DNA include the lac repressor complex (14) , the Arc repressor (15) , glucocorticoid receptor (16, 17) , and the Hin recombinase (18) .
In addition to observing structural roles for water by its presence in x-ray crystal or NMR structures, a number of investigators have recently examined the roles of water in macromolecular interaction, stability, and function. Release of bound water has been shown to accompany oxygen binding to hemoglobin (19) , electron transfer in cytochrome c oxidase (20) , glucose binding to hexokinase (21) , DNA binding by the gal repressor (22) and EcoRI endonuclease (23, 36) , stabilization of lysozyme, ribonuclease, and other proteins (24, 25) , binding of cytochrome c to cytochrome c oxidase (26) , turnover in the catalytic cycle of cytochrome P450cam (27) , and activation of adenosine deaminase (28) . It has also been demonstrated that binding of about 10 water molecules accompanies formation of the Hin recombinase-DNA complex (29) .
In many cases these proposals that discretely bound water molecules play an integral part in the recognition process utilize application of osmotic stress to perturb protein conformation or binding equilibria. Because osmotic pressure () controls the activity of water in an aqueous compartment inaccessible to neutral solutes (osmolytes), osmotic stress induces the release of bound water from macromolecules into bulk solvent. Macromolecular conformations are thus shifted toward the state with the smallest volume, which is the state with the least amount of bound water. Therefore, in the simplest case, a correlation between osmotic pressure and a biomolecular process, such as ligand binding, is commonly interpreted as evidence for a role of bound water in the process (30) .
These phenomena are not limited to those cases in which solutes are excluded from water in a cavity or pore. Macromolecular surfaces also appear to be ''preferentially hydrated'' (31) and to exclude neutral solutes or cosolvents (32) . Thus solvent release from protein and DNA surfaces or clefts can be probed by changing water activity through application of osmotic stress.
Application of osmotic pressure is clearly a useful and versatile technique for studying the role of water in molecular recognition and is readily applied to the study of protein-DNA interactions (22, 23, 29, 33) . Typically application of osmotic stress favors formation of the protein-DNA complex, because a sizable dehydration of both molecules accompanies binding (22, 23, 33 ). In the rare situations where water binding accompanies formation of the complex, osmotic stress weakens the interaction (29) . In either case, correlating the change in equilibrium constant with osmotic pressure allows the change in volume and number of waters bound to be derived. It is important to note that not all waters that are affected by osmotic stress are likely to be well enough resolved to be detected either by x-ray crystallography (which depends on a high fractional occupancy) or NMR (which relies on a long residence time) (34) . Osmotic stress is believed to be more sensitive than either of these methods for detecting functionally significant waters (35) .
Previously we have shown that for EcoRI (36) , BamHI, and PvuII (37) increases in osmotic pressure (by addition of neutral solutes and cosolvents) are uniformly and uniquely correlated with increases in cleavage at ''star'' sites. Changes in EcoRI specificity were measured in the presence of a wide range of cosolvents and neutral solutes, including glycerol, ethylene glycol, isopropyl alcohol, ethanol, dimethyl sulfoxide, N-methyl formamide, sucrose, and dextrose. We demonstrated that the effects of these compounds on EcoRI specificity are uniquely correlated to osmotic pressure; other solvent properties such as dielectric constant, viscosity, and water activity do not display uniform correlations with star activity for all compounds tested (36, 38) . The effects of osmotic pressure can be reversed by application of hydrostatic pressure (37, 38) . It was recently shown that binding of EcoRI to cognate DNA releases substantially fewer waters than binding to a poly(dI⅐dC) DNA (23) . These findings indicate that release of bound water is associated with changes in the specificity of the enzymes and strongly suggest that a population of water molecules is involved in substrate recognition at the canonical sites. We examine here the mechanism of water participation in the interaction of EcoRI with cognate, alternate (''star'') sites and nonspecific DNA in an effort to determine the number of water molecules involved in the recognition process and the steps during which they act.
EXPERIMENTAL PROCEDURES
Proteins and DNA. EcoRI purified essentially according to the method of Geiger et al. (39) was donated by Richard Gumport (College of Medicine, Univ. of Illinois, Urbana). EcoRI obtained from GIBCO͞BRL gave equivalent results. Protein concentrations were determined by using an extinction coefficient of 8.3 at 278 nm according to Modrich and Zabel (5) .
DNA oligonucleotides were synthesized by using an Applied Biosystems 381A DNA synthesizer with the trityl group on, purified by reverse phase HPLC, detritylated, and repurified by HPLC. End labeling of both single-stranded oligonucleotides with ␥-32 P-labeled ATP and T4 polynucleotide kinase (New England Biolabs) was carried out as described (40) . The mixture was extracted with phenol-chloroform and passed over a Sephadex G-25 spin column to separate the labeled duplex from unincorporated nucleotides. Double-stranded cassettes were annealed by mixing equimolar amounts of the complementary oligonucleotides, heating to 90°C, and cooling slowly.
Sequences of the DNA cassettes used in binding and cleavage assays are as follows.
Canonical site GCGC GAATTC CGCG CGCG CTTAAG GCGC
Alternate site GCGC TAATTC GCGC CGCG ATTAAG CGCG Nonspecific site GCGC TAGACG GCGC CGCG ATCTGC CGCG DNA Binding Assays. Equilibrium binding assays were performed essentially as described previously (40, 41) . EcoRI was incubated with 32 P-labeled DNA at 25°C for at least 2 h in a buffer containing 20 mM Tris⅐Cl (pH 7.5), 100 mM NaCl, 1 mM DTT, 0.1 mM EDTA, 100 g͞ml BSA, and 0.02% Nonidet P-40 nonionic detergent. Ethylene glycol was added to concentrations between 0 and 2 M to induce osmotic pressures between 0 and 50 atm (1 atm ϭ 101.3 kPa) as described previously (22, 23, 29) . The DNA fragments were used at a concentration of 50 fM. Protein concentrations were always at least 10-fold higher than the concentration of the DNA. A small amount of glycerol (equivalent to Ͻ5 atm osmotic pressure) was added just before loading the samples onto 8% polyacrylamide gels in 0.5ϫ TBE buffer. Gels were dried and exposed by using Molecular Dynamics PhosphorImager screens, and band intensities quantitated with ImageQuant software by using the volume measurement utility. The fraction of DNA bound was determined as the volume of the slower migrating band (corresponding to bound DNA) divided by the sum of free and bound bands. Under the conditions used, the protein-nucleic acid complex migrated as a discrete, well resolved band. However, other buffers and conditions tested resulted in poorly resolved complexes or undetectable shifts, as described previously (23) . Over the range of osmotic pressure tested, the appearance and mobility of the bound and free DNA were unchanged, and the total band intensity remained essentially constant.
The equilibrium dissociation constant (K d ) was determined essentially as described previously (42) . Because EcoRI is always present in significant excess of the DNA, the concentration of free protein can be closely approximated by using the total protein concentration [P t ]. The binding isotherm simplifies to
where ⌰ is the fraction of bound DNA and K d is the equilibrium dissociation constant,
Data were fit to Eq. 1 by nonlinear least-squares analysis with KaleidaGraph software running on a Macintosh computer. DNA Cleavage Assays. Reactions were performed at 25°C in a buffer containing 20 mM Tris⅐Cl (pH 7.5), 100 mM NaCl, 1 mM DTT, 0.1 mM EDTA, and 10 mM MgCl 2 with the addition of 0-4 M ethylene glycol to induce osmotic pressures from 0 to 100 atm. At each osmotic pressure, reactions containing 1 or 10 M 32 P-labeled substrate DNA and EcoRI at concentrations between 0.1 and 1.0 M (always at least 10 times higher than the K d ) were incubated at 25°C for 30 min to allow binding. Reactions were initiated by the addition of MgCl 2 to the final concentration of 10 mM. Aliquots were removed at each time point, quenched by the addition of EDTA to 50 mM, SDS to 0.1%, and proteinase K to 0.5 mg/ml as described previously (6) , and stored at Ϫ70°C until just before running on 8% acrylamide gels in 0.5ϫ TBE buffer.
At each osmotic pressure, reaction progress curves were generated by measuring the appearance of product or disappearance of substrate at each time point with the PhosphorImager described above. Reaction velocities (v o ) were determined with the initial linear part of the reaction progress curves according to 
(where is the osmotic pressure, R is the gas constant, and T is the temperature) according to Weber and Drickamer (45) . ⌬N w is defined as the number of water molecules expected to give rise to the volumes changes indicated, assuming a constant density of 18 ml͞mol for all waters (30) .
RESULTS
DNA Binding. Equilibrium gel mobility shift analysis was performed to measure the affinity of EcoRI for canonical, alternate, and nonspecific DNA binding sites as a function of osmotic pressure. Binding isotherms were constructed, and the data were fit to Eq. 1 to obtain the equilibrium dissociation constant, K d (Fig. 1) . Values of K d at ambient osmotic pressure were close to those obtained previously by other investigators (5, 46) . As expected for a macromolecular process that involves a dehydration of a large surface area, binding was enhanced as osmotic pressure was increased. Under all conditions tested binding was always tightest to the cognate site, GAATTC. However, K d for the ''star'' site TAATTC is more sensitive to osmotic pressure than is GAATTC. This can be seen in Fig. 1 ; the binding isotherm for TAATTC is moved more by 20 atm osmotic pressure than is the isotherm for GAATTC.
As osmotic pressure is increased from 0 to 50 atm, the K d for the canonical GAATTC site drops by about 200-fold (from 400 to 2 pM) ( Table 1) . Over the same pressure range, the K d for the alternate TAATTC site falls by about 2000-fold (from 800 to 0.4 nM), whereas the K d for the nonspecific site decreases by only 20-fold (Table 1) . For each DNA binding site, the natural logarithm of the ratios of K d at ambient and elevated osmotic pressures was plotted as a function of osmotic pressure, and the data were fit by linear regression (Fig. 2) . From the slope of these lines, the volume changes (⌬V) for the dissociation of the EcoRI-DNA complexes were determined by using Eq. 2 ( Table 2 ). Note that these calculations are performed with the dissociation constant, so that a ⌬V less than zero indicates an increase in volume for the association reaction. Because the increase in osmotic pressure acts to promote release of water, these negative ⌬V values correspond to the volume change because of solvent release. Assuming a constant volume for water molecules of 18 ml͞mol (30), the number of water molecules was calculated based on these ⌬V values ( Table 2) . ⌬V for binding to the cognate GAATTC is about twice as large as for nonspecific binding, whereas ⌬V for binding to TAATTC is about three times larger than nonspecific, i.e., 50% larger than for binding to the canonical site. About 70 waters are released when EcoRI binds nonspecifically, compared with nearly 150 for binding to GAATTC and over 200 for binding to TAATTC.
DNA Cleavage. When the substrate contained the cognate sequence GAATTC, the reaction rate fell sharply as osmotic pressure was increased, whereas for the TAATTC substrate the reaction rate increased dramatically with increasing osmotic pressure (Fig. 3) . Reaction progress curves were generated at osmotic pressures between 0 and 100 atm. The reaction velocities (v o ) were determined from the slope of the initial linear portion, and the turnover number (k cat ) was calculated ( Table 3) .
Values of k cat at 0 atm osmotic pressure were close to those obtained previously by other investigators under similar conditions (5, 46) . No discontinuities were observed in the reaction rate profiles, suggesting that for a given substrate, the rate-limiting step does not change over this range of osmotic Kd values are the average of at least five independent determinations from experiments like those shown in Fig. 1 . Errors indicate 1 SD.
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Biochemistry: Robinson and Sligar Proc. Natl. Acad. Sci. USA 95 (1998) pressures. Throughout the range of the modest osmotic pressures used in this study (0-100 atm), complete cleavage was obtained for both canonical and star sites. No evidence for enzyme degradation was found. Doubling the substrate concentration or increasing the preincubation time did not produce any change in the velocity. From 0 to 100 atm, k cat for the GAATTC site decreases by more than 5-fold (from 5 to 0.8 min
Ϫ1
), although it rises 20-fold for the TAATTC site (from 0.1 to 2 min Ϫ1 ) ( Table 3 ). For each substrate, the natural logarithm of the ratios of k cat at ambient and elevated osmotic pressures was plotted as a function of osmotic pressure, and the data were fit by linear regression (Fig. 4) . From the slope of these lines, the activation volume (⌬V ‡ ) for the EcoRI cleavage reaction was determined with Eq. 2 ( Table 2) . Cleavage of the cognate GAATTC site has a negative ⌬V ‡ value, corresponding to the binding of about 30 waters. Conversely, cleavage at TAATTC sites is accompanied by a large positive activation volume, corresponding to over 40 additional waters being released.
DISCUSSION
Solvation Changes During Binding. Sizable volume changes are observed when EcoRI binds to nonspecific, canonical, and alternate sequences. Accordingly, binding to all three DNA molecules involves the release of large amounts of water, and increases in osmotic pressure cause an increase in overall affinity. The crystal structure of EcoRI bound to cognate DNA indicates that over 1000 Å 2 of surface area must be buried on complex formation (3), consistent with our calculation of a large negative ⌬V and the release of roughly 150 waters. These values are similar to ⌬Vs measured by hydrostatic and osmotic pressure methods for other protein-DNA binding events and formation of other macromolecular assemblies (22, 23, 29, 45, 47, 48) . It has been generally believed that for formation of macromolecular complexes, tighter binding is usually accompanied by a greater extent of dehydration (45, 49) . We find that high affinity binding of EcoRI to its cognate GAATTC site is accompanied by a larger volume change and more water release than the low affinity, nonspecific binding to the TAGACG sequence. Similarly, Sidorova and Rau (23) have recently demonstrated that EcoRI binding to DNA fragments containing a GAATTC sequence releases 110 more waters than binding to poly[dI⅐dC] DNA, suggesting that a full layer of hydration is retained.
However, the surprising result of this investigation is that binding of the noncognate TAATTC site releases 70 more waters than binding to the cognate GAATTC site. Although the GAATTC site is bound most tightly under all conditions, binding to the TAATTC site releases more water. Importantly, we find that the extent of dehydration does not always correlate with the overall affinity.
Although it is possible that the change of 1 base pair results in changes in the extent to which the free DNA molecules are hydrated, we feel that the most plausible explanation for this difference is that there are approximately 70 waters in the Turnover numbers are the average of at least three independent determinations from experiments like those shown in Fig. 3 . Errors indicate 1 SD. Values for ⌬V are the volume changes for dissociation and turnover calculated from Eq. 2 based upon the data in Fig. 2 
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Proc. Natl. Acad. Sci. USA 95 (1998) EcoRI-GAATTC cognate complex that are not present in the complex with TAATTC (Fig. 5 ). This feature of the EcoRI-DNA recognition suggests a role for a population of bound waters in assisting discrimination of cognate from noncognate DNA sequences, even those differing by a single base pair.
Whereas the major component of binding free energy for both sites is likely to be entropic (50, 51) , in the absence of a high-resolution structural model for the EcoRI-TAATTC complex, we can only say that the relatively small differences in energetics of binding to GAATTC and TAATTC must have many (offsetting) components (1). For example, the EcoRI-TAATTC complex has nonoptimal base contacts but appears to release more solvent. As osmotic pressure increases, the energetic consequences of this feature become more pronounced so that the affinity of the TAATTC site begins to approach that of the preferred GAATTC sequence. Extrapolation of the data in Table 1 suggests that at osmotic pressures greater than 150 atm, the K d for the TAATTC binding site would be lower than that for the cognate GAATTC site, although for practical reasons this is difficult to test.
We cannot currently distinguish between several possible structural models for origins of the water participation in binding, and the large number of waters suggests that more than one effect may be responsible. The schematic diagram in Fig. 5 is meant to reflect each of the following possible models. (i) Effects on DNA conformation and flexibility may arise from water release, including changes in hydration of the minor groove (52) . These effects could be crucial to the facilitated distortion of DNA that is believed to play a major role in EcoRI-DNA recognition (53).
(ii) Bound waters may mediate protein-protein contacts and dimer formation, as suggested by the recently revised model of the EcoRI-DNA complex (J. M. Rosenberg, personal communication). (iii) Water located in the protein-DNA interface may participate in an ''indirect readout'' of the DNA base sequence (13) . The crystal structure of the EcoRI-DNA complex does reveal two bound waters mediating hydrogen-bonding interactions between EcoRI and the guanine base in each half-site (3). However, such waters are likely to be among the most tightly bound and thus the most difficult to release by osmotic pressure.
(iv) The complex of EcoRI with TAATTC may have less solventaccessible surface area relative to GAATTC. This could result from significant changes in the protein and͞or DNA conformation or from an increase in the extent of local folding, which occurs for binding at the TAATTC site relative to binding at GAATTC. Changes in the heat capacity associated with EcoRI binding to its canonical recognition sequence (54) indicate that a coupling exists between local folding of EcoRI, water release, and DNA binding (55) . The results presented here are consistent with a model in which either binding or local folding, or both, removes hydrophobic surfaces from water and releases solvent molecules.
Intriguingly, preliminary reports of the structure of EcoRI bound to DNA containing a noncanonical site describe important conformational differences in the structure of the EcoRI dimer and its orientation on DNA, which could be accommodated by many single base substitutions (J. M. Rosenberg, personal communication).
How do these features of the EcoRI system affect its function? EcoRI is believed to search for its cognate sequence by a processive one-dimensional translation along DNA, termed ''linear diffusion.'' Analysis of EcoRI during linear diffusion on the DNA helix suggests that the diffusing species corresponds to the nonspecifically bound complex (56) . Taken together, these studies suggest that EcoRI can bind to DNA in three distinct modes: a loose complex competent for diffusion that releases less than 100 waters, a tight complex at GAATTC sites that releases about 150 waters, and an alternate complex formed at TAATTC and other possibly other ''star'' sites that releases over 200 waters and is competent for catalysis of the endonuclease reaction.
Solvation Changes During Catalysis. The question of whether protein conformational changes occur during EcoRI catalysis has been unresolved for several years (10, 57, 58) . The magnitude of the activation volumes for catalysis at both GAATTC and TAATTC sites clearly indicates that significant conformational changes do occur during the catalytic steps of the reaction (48, 59) . These conformational changes are accompanied by large changes in solvation and are almost certainly in the catalytic steps because the reactions are initiated with enzyme-substrate complex already formed. Conformational changes associated with the specific process of magnesium ion binding are believed to be small, because Mg 2ϩ can be diffused into crystals of the enzymesubstrate complex without cracking the crystal (3).
Increased osmotic pressure slows the reaction at the cognate site but accelerates the rate at the alternate site. This indicates that formation of the transition state is accompanied by changes in solvation, which are of opposite directions for the two sequences. Water binding accompanies formation of the transition state for GAATTC, whereas water release is associated with formation of the transition state for TAATTC cleavage (Fig. 5) . Thus it appears that additional waters participate in one or more of the catalytically important species for the GAATTC site, which are excluded from the catalytic complex at TAATTC (Fig. 5) .
Previously it has been proposed that EcoRI‫ء‬ activity (i.e., cleavage by the enzyme at noncanonical sites) arose from a global increase in affinity of the enzyme for all DNA or a hyperactivation of the enzyme at all sites (60) . However, the decrease in k cat at the canonical site indicates that a fundamental change in the selectivity of the enzyme is induced by osmotic pressure. The results described here indicate that water release makes EcoRI less efficient at cutting its cognate DNA sequence, although it enhances its preference for cutting alternate sequences. Analysis of these effects is somewhat hampered by the limited understanding of the EcoRI mechanism. It is not known for certain which step in the EcoRI DNA cleavage reaction is rate-limiting: release of doubly cleaved product or release of nicked product followed by rebinding and second strand cleavage (57) . The marked difference in direction of the volume changes for k cat at canonical and alternate sites might indicate a change in the rate-limiting step. For cleavage at the canonical site, the negative volume change accompanied by water binding is consistent with a rate-limiting step being product release or transition from the tightly bound to loosely bound mode. For cleavage at the TAATTC ''star'' site, the positive volume change accompanied by water release is consistent with the rate-limiting step being rebinding of the nicked substrate after first strand cleavage, or transition from loosely bound to tightly bound mode, or from the tight complex to the alternate complex as described earlier.
Alternatively, it may be that the nature of the rate-limiting step and the position of the transition state on the reaction coordinate are unchanged, but the structure of the macromolecular complex is different. However, the magnitudes of the ⌬V ‡ s suggest that the conformational changes that occur are between relatively similar states, not complete binding or release of the substrate or products.
Summary. We have shown that changes in the amount of bound water accompany DNA binding and catalysis by the EcoRI endonuclease. As depicted in Fig. 5 , EcoRI binding nonspecifically to DNA releases much less water than binding to the cognate GAATTC site, whereas binding to the alternate TAATTC site releases substantially more. Even more dramatically, cleavage at the GAATTC site is inhibited by water release, whereas cleavage at TAATTC is promoted (Fig. 5) . These findings suggest that in the EcoRI system the extent of bound water is critical to binding affinity, sequence-specific recognition, and site discrimination during cleavage.
For enzyme-substrate complexes, one measure of accuracy of recognition is the specificity constant k cat ͞K d . The ratio of specificity constants of canonical vs. alternate site decreases by 60-fold, from 10 5 to 1800 over the range of 0-40 atm osmotic pressure. Although EcoRI still prefers the canonical site at 40 atm, the release of solvent does cause a dramatic change in specificity, increasing cleavage efficiency at TAATTC while decreasing the efficiency at GAATTC. Extrapolating this trend, at about 100 atm EcoRI should cut both sequences with equal efficiency; above this osmotic pressure it should actually prefer the alternate TAATTC site over its canonical site.
In addition to increased osmotic pressure, many other conditions can cause EcoRI‫ء‬ activity, such as the presence of other divalent cations or changes in ionic strength or pH. It is not known whether the molecular events leading to altered specificity under these conditions are the same as those arising from release of bound waters (61) . Certainly in complex macromolecular systems, many different effectors with different atomic and molecular origins can produce similar observable effects, as is the case with oxygen binding by hemoglobin.
Whereas release of water has been shown to accompany molecular complexation in many systems, including protein-DNA complexes, the ability of bound water to switch specificity in an enzyme-substrate or protein-DNA complex is remarkable. Moreover, it appears to be a common motif within this structural family as BamHI endonuclease displays similar behavior as EcoRI. It is hoped that further biochemical and biophysical characterizations and more detailed structural analysis will reveal the exact location and structural and energetic role of these waters. In turn, such studies should elucidate the mechanism by which water binding and release exert control over critical aspects of the molecular recognition process.
